The first sign of mammalian germ cell sexual differentiation is the initiation of meiosis in females and of mitotic arrest in males. In the mouse, retinoic acid induces ovarian Stra8 expression and entry of germ cells into meiosis. In developing mouse testes, cytochrome P450 family 26, subfamily b, polypeptide 1 (CYP26B1) produced by the Sertoli cells degrades retinoic acid, preventing Stimulated by Retinoic Acid Gene 8 (Stra8), expression and inhibiting meiosis. However, in developing humans, there is no evidence that CYP26B1 acts a meiosis-inhibiting factor. We therefore examined aspects of the retinoic acid/STRA8/CYP26B1 pathway during gonadal development in the tammar wallaby, a marsupial, to understand whether retinoic acid stimulation of STRA8 and CYP26B1 degradation of retinoic acid was conserved between widely divergent mammals. In tammar ovaries, as in human ovaries and unlike the pattern in mice, CYP26B1 expression was not downregulated before the onset of meiosis. Exposure of pre-meiotic tammar ovaries to exogenous retinoic acid in vitro upregulated STRA8 expression compared to controls. We conclude that retinoic acid and STRA8 are conserved factors that control the initiation of meiosis amongst mammals but the role of CYP26B1 as a meiosis-inhibiting factor may be specific to rodents. The identity of the marsupial meiosis-inhibiting factor remains unknown.
Introduction
In mice, the regulation of initiation of meiosis involves an interplay between retinoic acid (RA), Stimulated by Retinoic Acid Gene 8 (STRA8), and the RA-degrading cytochrome P450 family 26, subfamily b, polypeptide 1 (CYP26B1) [1, 2] . Stra8 is expressed in response to RA and is required for pre-meiotic DNA replication [3] and the successful initiation and completion of meiosis [4, 5] . Stra8 is not expressed in the fetal mouse testis but is strongly expressed in the fetal ovary, where its expression occurs in an anterior-to-posterior wave and precedes the expression of various meiosis markers by one day [6] . The source of RA was originally purported to be the mesonephroi, which express retinaldehyde dehydrogenase 2 encoding one of three ALDH1A (aldehyde dehydrogenase 1A) enzymes capable of converting retinal to RA. However, isolated fetal ovaries maintained in serum-free medium can express Stra8, so it is now believed that low levels of ovarian Aldh1a1 may be enough to permit the ovary to synthesize its own RA [7] [8] [9] [10] . [23] , female puberty from [47] , and male puberty from [26] .
Cyp26b1 is expressed in the mouse testis but not ovary between embryonic day (E)12.5 and E15.5 and is localized to Sertoli cells. CYP26B1 degrades the RA before it comes into contact with the germ cells, thus preventing the initiation of meiosis [1, 2] . Retinoic acid signaling is transduced by two nuclear receptor families: retinoic acid receptors (RAR) and retinoid receptors (RXR). There are three RAR isotypes (RARA, -B, and -G) and three RXR isotypes (RXRA, -B, and -G), which homo-and heterodimerize and bind to RA response elements (RAREs) located within various genes. Stra8 itself has two RAREs within its proximal promoter and there is direct binding of the RAR complex (RA plus RAR) to the Stra8 promoter in vitro (reviewed by [11] ).
Numerous other factors have been implicated in the control of meiosis. Deleted in azoospermia-like (DAZL), a germ cell-specific RNA-binding protein, acts as a competence factor that permits germ cells to respond to somatic cues and RA [12] . Fibroblast growth factor 9 (FGF9) is a testis-specific inhibitor of meiosis, acting through an as-yet undefined pathway that is independent of the RA signaling pathway [13] . NANOS2, an RNA-binding protein, acts to reinforce the male-specific germ cell developmental pathway both by preventing Stra8 expression [14] and by maintaining mitotic quiescence [15] . The male-specific markers SRY-Box9 (SOX9) and Steroidogenic factor 1 (SF1) upregulate Cyp26b1 expression, whereas the ovarian marker Forkhead box protein L2 (FOXL2) downregulates it [16] .
The RA/STRA8/CYP26B1 pathway is also involved in the control of meiosis in ovaries in humans and chickens. Like the mouse, fetal STRA8 expression in humans and chickens is restricted to ovaries and the onset of meiosis in both human and chicken males occurs after birth. In human ovaries, STRA8 expression is upregulated at 11 weeks post fertilization [17, 18] and the meiotic markers Initiator of meiotic double stranded breaks (SPO11), sarcoplasmic calcium-binding protein 1 (SCP1) and H2A histone family member H (H2AFX) are upregulated soon after, by week 15 [18] . Interestingly, at 14-16 weeks, CYP26B1 expression is significantly higher in human ovaries compared to testes [17] , even though meiosis commences at this time. In 9-to 10-week human ovaries in vitro, RA induces meiosis and also upregulates the expression of STRA8, meiotic recombination protein (REC8) and SPO11, although prophase I is not completed and approximately half of germ cells do not enter meiosis [18] . In chickens, meiosis in females is initiated in germ cells within the cortex of the left ovary at E15.5 [19] . STRA8 is first expressed in ovaries from E12.5 and expression increases rapidly until E16.5 and is responsive to exogenous RA [19] [20] [21] . CYP26B1 expression is downregulated in the fetal ovary after E10.5 (before the onset of meiosis) and its expression continues to decrease between E12.5 and E15.5 [19, 21] , supporting a role for it in the suppression of meiosis, although this has not yet been tested by functional studies.
Both human and chicken fetal gonads have the potential to synthesize their own RA. Human gonads express ALDH1A1 and ALDH1A2 from 8-20 weeks and 6-20 weeks, respectively [17, 18] . They also express all six RAR isoforms throughout weeks 8-20 of gestation and so can respond to the RA they produce [17, 18] . In chickens, ALDH1A2 encodes the major alcohol dehydrogenase enzyme responsible for converting retinal to RA and it is expressed in gonads between E6.5 and E18.5 [19, 21] . Knockdown of ALDH1A2 in cultured chicken E15.5 ovaries reduces the number of meiotic germ cells and the expression of STRA8, SCP3, and Disrupted meiotic cDNA 1 (DMC1) [21] . Chicken gonads express RARB between E6.5 and E18.5 [19, 21] , although whether the other RAR or RXR genes are expressed is not known.
In the marsupial tammar wallaby, germ cell migration to the genital ridges is largely complete by day 25 of the 26.5-day gestation [22] . Unlike mice, germ cell proliferation continues after birth, with numbers peaking between day 40 and 50 post-partum (pp) [23] . The first ovarian meiotic cells are observed at day 24 pp, and by day 50 pp approximately 50% of ovarian germ cells have entered meiosis (Figure 1 ). Leptotene and zygotene stages are present by day 30 pp and pachytene stages are observed from day 40 pp [23] . In contrast to the process in mice, the different stages of germ cell development overlap with each other temporally in tammar gonads and also in male human gonads and in both, entry into meiosis occurs over a lengthy period. In male mice, most germ cells are proliferating via mitosis between E10.5 and E14.5, enter mitotic arrest from E12.5, and resume mitosis again from approximately 1.5 days pp. By contrast, in humans between weeks 15 and 16, the testis contains a mix of mitotic and quiescent prospermatogonia [24, 25] . Likewise, in the tammar, there is an overlap of germ cell developmental stages during much of pouch life: prospermatogonia proliferate by mitosis from around day 2 to day 50 pp, whereas there is a transition from proliferating prospermatogonia to quiescent prospermatogonia from day 30 to 80 pp followed by a second wave of proliferation from day 50 pp. Spermatogenesis does not begin until 19-25 months of age [26] . The aim of this study was therefore to examine the RA/STRA8/CYP26B1 pathway during the onset of meiosis, using the tammar to elucidate which aspects of this pathway are conserved among mammals in general and which aspects are species specific.
Materials and methods

Animals
Adult tammar gonads were collected from animals shot on Kangaroo Island, South Australia, and pouch young (PY) gonads Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/2/217/4055954 by OUP site access user on 08 October 2018 were collected from our captive colony animals. Pregnant females were checked daily for birth (day 0) and the PYs were collected at specific days pp for gonadal culture. For the other experiments, PY age was estimated from growth charts [27] . Ovaries were collected at set time points as described [23] at day 10 and 20 pp (mitotic germ cells), day 25 pp (first germ cells entering meiosis), day 30 pp (∼12% of germ cells are meiotic), day 40 pp, day 50 (∼50% of germ cells are meiotic) and day 60 pp. Testes were collected at days 10 and 20 pp (mostly proliferating prospermatogonia), day 30 pp (mostly proliferating but some quiescent prospermatogonia), days 40 and 50 pp (mix of mitotic and quiescent prospermatogonia), day 60 pp (mostly proliferating prospermatogonia), day 110 pp (mitotic prospermatogonia), ∼days 350-360 pp (adult spermatogonia) and adult (spermatogenesis) (staging data from Renfree, unpublished and [26] ). Gonads were either snap-frozen in liquid nitrogen or fixed in 4% paraformaldehyde (PFA). All tissues were collected under appropriate permits, and experiments were approved by the University of Melbourne Animal Experimentation Ethics Committees in accordance with the National Health and Medical Research Council of Australia (2013 and 2014) guidelines [28, 29] .
Expression analysis by RT-PCR and quantitative PCR
Total RNA was extracted from adult tissues using Tri Reagent (Ambion Inc, Texas, CA) and from PY gonads using the GenElute Mammalian Total RNA Miniprep kit (Sigma Aldrich, NSW, Australia). RNA was resuspended in RNAsecure water (Ambion), DNAse-treated with DNA-Free (Ambion), and quantified with a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies). An aliquot of each sample was used as template for a Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR to confirm the absence of genomic DNA contamination.
For cDNA synthesis, 105 ng of RNA was reverse-transcribed using an oligo(dT) 17 primer and the SuperScript III First Strand Synthesis System for RT-PCR (Invitrogen, CA) in a total volume of 20 μL. To make cDNA for quantitative PCR (qPCR), the Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Melbourne, Australia) was used to reverse transcribe 100 ng of RNA into 20 μL of oligo(dT) 18 -primed cDNA, and diluted with 70 μL of RNAsecure water. In all instances, a GAPDH PCR was performed to check the integrity of the cDNA.
Tammar-specific sequences (or partial sequences) were obtained for most genes from Ensemble (http://www.ensembl.org/ index.html), NCBI (http://www.ncbi.nlm.nih.gov), and tammar genome [30] online databases using Tasmanian devil or opossum sequences. Tammar-specific primers (Supplementary Table S1 ) that spanned introns were designed using Primer3 (V. 0.4.0) (http://www. bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/) and synthesized by Sigma Aldrich or IDT (Integrated DNA Technologies, IA). RT-PCR was performed using GoTaq (Promega, NSW, Australia) in a volume of 30 μL, which included 0.6 μL of cDNA and primers at a final concentration of 0.5 μM. RT-PCR amplification involved an initial 2-min denaturation step at 94
• C and extension at 72
• C for 30 s (amplification cycles and annealing temperatures are listed in Supplementary Table S1 ). At least three (usually four to five) gonads/stage/sex were tested for each gene. To confirm that the correct products had been amplified, RT-PCR products for each primer pair were purified from agarose gels using the QIAquick Gel Extraction kit (QIAGEN, Victoria, Australia) and direct-sequenced by Applied Genetics Diagnostics at the Department of Pathology, University of Melbourne.
Quantitative PCR for STRA8 and CYP26B1 (and Dead Box 4 (DDX4) and REC8 on cultured gonads) was performed in a Stratagene Mx3000PTM Sequence Detector (Integrated Sciences, NSW, Australia) using FastStart Universal SYBR Green Master (Rox) (Roche) in a 20 μL reaction containing 10 μL SYBR Green, 5 μL of diluted cDNA, 1 μL of forward and reverse primers (at a final concentration of 300 nM), and water. The amplification efficiency for each primer pair was calculated from a standard curve and the cycle threshold (Ct) values adjusted accordingly. Transcript levels were normalized relative to 18S transcripts. The following conditions were used for qPCR: 95
• C for 10 min, followed by 45 cycles of
95
• C for 15 s, 58
• C (CYP26B1 and 18s) or 60
and REC8) for 1 min, and 72
• C for 1 min. All samples were run in triplicate and each plate contained both negative control (water) and calibrator (adult testis) triplicates. The integrity of the amplification reactions was checked by both the dissociation curves and by running some samples on an agarose gel to confirm the presence of a single band. Pfaffl's efficiency-calibrated model [31] was used to obtain the average 2 − CT for each developmental stage. Data were log transformed and are presented as average ± the standard error of the mean (SEM), Data were plotted using PRISM software version 5.01 (GraphPad) and analyzed by ANOVA and Tukey HSD tests using R Version 3.2.3 [32] .
Gonad culture
Gonads and their attached mesonephroi were aseptically removed from decapitated PY (n = 6 day 22 pp females, 2 day 23 pp males and 3 day 27-29 pp males), rinsed in warm, sterile phosphate buffered saline (PBS, 140 mM, KCl 2 mM, KH 2 PO 4 1.4 mM, Na 2 HPO 4 8 mM, pH 7.6), and then laid flat on custom-made metal grids overlaid with a thin layer of 1% sterile agar dissolved in DMEM. The grids were placed within the central well of IVF dishes (Falcon, BD Biosciences, Australia), and 1.2 mL medium (DMEM with 4.5 g L-1 glucose, sodium pyruvate and without L -glutamine, 10% heat-inactivated fetal bovine serum, 2 mM Glutamax, 50 units of penicillin, and 50 μg/mL streptomycin) was added so that the gonads were at the air-medium interface. The outer wells of the IVF dishes were filled with sterile MilliQ water, and the dishes were placed in a Modular Incubator Chamber (Billups-Rothenberg, Inc. CA) which was gassed with carbogen (95% O 2 , 5% CO 2 , Carbogen, BOC Gases, Melbourne, Australia) and incubated in a Sanyo CO 2 incubator (VWR, Murarrie, QLD, Australia) at 35
• C. 9-Cis RA was added to the appropriate cultures at the initiation of culture at a final concentration of 100 nM. After 24 h, the medium was replaced with DMEM containing 100 nM all trans RA (AtRA) and repeated after an additional 48 h. Working stocks (0.1 mM) of RA were made by dissolving the RA in DMSO (9-cis) or 100% EtOH (AtRA) and diluted 1:1000 in culture medium immediately before use. Negative controls included DMSO or 100% EtOH diluted 1:1000 in culture medium. All culture medium components were from Gibco (Invitrogen) and RA stocks from Sigma. After 120 h of culture, gonads were separated from mesonephroi and frozen in liquid nitrogen. RNA was extracted and cDNA transcribed as described above, and qPCR for STRA8, the germ cell marker DDX4, the meiosis marker REC8, and the housekeeping gene 18S was performed using the conditions described above. The Relative Expression Software Tool (REST, 2009) [31] (downloaded from http://rest-2009.gene-quantification.info/) was used to test for the statistical significance of the calculated expression ratios. 
Immunohistochemistry
Antibodies tested for this study are listed in Supplementary Table S2 .
The pan anti-RAR and pan anti-RXR antibodies reportedly detect all three isoforms (A, B, and G) of the RAR and RXRs respectively in humans, mice, and rats by western blotting (Santa Cruz Biotechnology). Extensive testing of different antibody concentrations and pretreatments (enzyme digestion and heat treatment in different buffers) was performed on both mouse and tammar tissue to optimize each antibody. Neither the anti-CYP26B1, anti-STRA8, or anti-ALDH1A1 antibodies were suitable for use on tammar tissue because of the large amount of nonspecific staining they yielded. However, the other three antibodies (anti-pan RAR, anti-pan RXR, and anti-ALDH1A2) gave specific staining after following the protocol below. PFA-fixed tammar gonads were embedded in paraffin wax, sectioned at 6 μm, and sections were mounted on Superfrost or Polysine slides (ThermoFisher Scientific, Victoria, Australia). Slides were deparaffinized, rehydrated, permeablized in 0.1% (v/v) Triton X-100 in tris-buffered saline (TBS, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) for 15 min, and then blocked in 5% hydrogen peroxide in water for 10 min. Slides were heated in EDTA buffer (1 mM EDTA in dH 2 O, pH 8) in a water bath at 99
• C for 30 min and then left to cool at room temperature for 30 min. Sections were blocked using 10% serum from the appropriate species for 30 min at room temperature. The primary antibodies were diluted (anti-RAR and anti-ALDH1A2 to 0.5 μg/mL, anti-RXR to 1.5 μg/mL) in TBS/0.1% bovine-serum albumin (BSA)/5% appropriate serum and then applied to the sections for 16 h at 4 • C. Signal was amplified using biotinylated goat anti-rabbit or rabbit anti-goat secondary antibodies and then an ABC/HRP kit (DAKO, New South Wales, Australia) was visualized with diaminobenzidine (Sigma). Negative control sections were incubated with an equivalent concentration of the appropriate immunoglobulin and, for anti-RXR and anti-ALDH1A2 antibodies, with antibody that had been incubated with a fivefold molar excess of blocking peptide for 3 h before application to the sections. Sections were lightly counterstained in hematoxylin and then coverslipped in DePeX (Merck, Germany). For each antibody, at least three (usually four to five) gonads were stained for each stage. Sections were photographed using an Olympus DP70 digital microscope camera.
In situ hybridization
Based on full-length tammar CYP26B1 sequence, two primers (Supplementary Table S1 ) were designed to obtain a 908-bp fragment for use as an mRNA in situ hybridization probe. This fragment was then cloned into pGEM T-easy Vector (Promega, Australia), and antisense and sense RNA probes were synthesized and labeled with digoxigenin-UTP (Roche) using SP6 or T7 RNA polymerase (Promega, Australia) separately. Gonads were fixed in 4% paraformaldehyde overnight at 4
• C, rinsed several times in 1 × PBS, embedded in paraffin and sectioned onto polysine slides (Menzel-Gläser, Braunschweig, Germany). After dewaxing, the sections were washed several times with 1 × PBS, glycine, Triton X-100, and triethanolamine buffer, and then immediately hybridized with probes at 42
• C. Hybridization signals were detected by an antiDigoxygenin alkaline-phosphatase conjugated antibody and visualized with NBT/BCIP chromogen, according to the manufacturer's instructions (Roche). 0.1% Fast Red (Aldrich Chemical Corp., Milwaukee, WI) was used for counterstaining.
Results
STRA8 is expressed in tammar gonads
To confirm whether STRA8 is involved in marsupial germ cell development, we identified tammar STRA8 and examined its expression in developing PY gonads. The full predicted coding sequences (8 exons) of three paralogous copies of STRA8 were identified by BLAST searching the tammar genome [30] and were designated STRA8-1, STRA8-2, and STRA8-3. STRA8-1 appeared to be the most similar to human and mouse STRA8 orthologs (data not shown) and its sequence was used to design qPCR primers (Supplementary Table S1 ) for amplifying a 163-bp fragment between the predicted 5th and 7th coding exons. The primers were also predicted to amplify tammar STRA8-2 and STRA8-3. The forward primer (ACAGTGTGAAGGACAGTGGAGTT) was designed from Macropus eugenii trace archive sequence 1648307847 and the reverse primer (TTGTTTTCCTCTGGATTTTCTGA) from contig ABQ0020541584 (GenBank Accession). STRA8 expression in tammar ovaries peaked at days 30-50 pp (Figure 2A ), whereas its expression in adult ovary was significantly lower than in all other developmental stages (P < 0.001 except for day 10 pp, where P < 0.05). In tammar testes, STRA8 expression was significantly higher in day 350 pp and adult testes (P < 0.001) than at all earlier stages ( Figure 2B ). Currently, there are no commercially available antibodies that recognize tammar STRA8, so localization of STRA8 protein during germ cell development in the tammar could not be determined. Attempts to perform in situ hybridization using probes specific to tammar STRA8 were unsuccessful.
Tammar gonads express the ALDH1A enzymes in the gonad necessary for retinoic acid synthesis
To determine whether tammar PY gonads have the potential to produce RA intrinsically, we characterized the gonadal expression of the ALDH1A enzymes during germ cell development in the tammar. Tammar ovaries expressed ALDH1A1, -1A2, and -1A3 genes before and during entry into meiosis ( Figure 3A) . ALDH1A2 protein was only weakly detected in day 10 pp ovaries but at all later stages was localized within connective tissue septa surrounding germ cells and germ cell nests ( Figures 4A and B and 5A and B) and within follicular cells after folliculogenesis.
ALDH1A1, -1A2, and 1A3 were expressed by tammar testes before, during, and after mitotic arrest and meiosis ( Figure 3A) , although ALDH1A3 expression was only weakly detected in day 110 and day 350 pp testes. ALDH1A2 protein was localized prominently within Sertoli cells and some interstitial cells from day 10 pp until day 110 pp, but by day 350 pp there was very little ALDH1A2 protein evident ( Figure 6A and B) . In adult testis, most ALDH1A2 protein was within interstitial cells; spermatocytes also contained small amounts but there was very little within Sertoli cells (data not shown).
Tammar ovaries and testes have retinoic acid receptors and retinoid receptors
To ascertain whether tammar PY gonads are capable of responding to RA signaling, we characterized gonadal expression of the RA and RXRs during germ cell development. Because there are multiple splice variants for the RAR and RXR genes in human and mouse, primers to amplify each tammar RAR and RXR gene were designed within a region common to most, if not all, splice variants of each gene in the human and mouse. Tammar ovaries expressed all six RAR and RXR genes (RARA, B, and G and RXRA, B, and G) at all stages examined ( Figure 3B ). Tammar testes expressed all RAR and RXR genes from day 10 to day 60 pp and in the adult, although there appeared to be little RXR expression in day 110 and 350 pp testes ( Figure 3B ).
The expression of the receptor proteins was localized by immunohistochemistry using two antibodies: one recognizing all three RARs and another recognizing all three RXRs. In tammar ovaries, RAR and RXR proteins were localized within germ cells. RAR was predominantly nuclear, whereas RXR was either nuclear, cytoplasmic, or both. Both RAR and RXR were present in the nuclei of the majority of germ cells within day 20-30 pp ovaries but from day 40, germ cell nests contained a mix of RAR-and RXR-positive and -negative cells ( Figure 5 ). In day 50 and 60 pp ovaries, germ cells closer to the medulla (especially oocytes within primordial follicles) contained much less RAR and RXR protein compared with those in the juxta-cortical region. In testes, RAR proteins were most predominantly localized in the nuclei of germ cells ( Figure 6A and B) at all developmental stages, with little obvious variation in the ratio of positive to negative germ cells between stages. In adult testes, they were present in Sertoli cells, some spermatogonia, spermatocytes, and round and elongating spermatids. In contrast to the RAR proteins, localization of testicular RXR proteins varied both temporally and spatially. From day 10 to day 60 pp, most RXR was in the nuclei of germ cells, with some cytoplasmic RXR also present in Sertoli cells. By day 350 pp, there were very few RXR-positive germ cells and these were usually interstitial ( Figure 6 ). In adult testes, RXR protein was located within the cytoplasm of Sertoli cells and the nuclei of spermatocytes (data not shown).
Representative negative control sections are shown in Supplementary Figure S1 .
CYP26B1 is expressed in both male and female tammar gonads
To determine whether CYP26B1 is likely to be a significant factor in the control of RA levels during marsupial gonadal development, we examined expression of the mRNAs encoding CYP26 enzymes in tammar PY gonads using RT-PCR and qPCR. Ovarian CYP26B1 expression levels did not differ significantly from days 10 to 50 pp, but expression in adult ovaries was significantly lower (P < 0.001) than for all other stages ( Figure 7A ). In testes, CYP26B1 expression peaked at day 350 pp, when it was significantly higher compared to day 110 pp (P < 0.01) and adult testes (P < 0.05) ( Figure 7B ). CYP26B1 mRNA expression was also analyzed by in situ hybridization in day 25 and 50 pp ovaries and day 50 and 350 adult testes. Ovaries of both stages contained a mix of CYP26B1-positive and negative germ and somatic cells (Figure 8 ), with at least 50% of germ cells at both stages being CYP26B1 positive. Within day 50 and 350 pp testes, CYP26B1 was expressed by numerous germ and Sertoli cells but was absent from peritubular myoid cells. In adult testes, Sertoli cells, spermatogonia, and spermatocytes were CYP26B1 positive and spermatids and myoid cells were negative (Figure 8 ).
The expression of CYP26A1 and CYP26C1 in developing tammar gonads was checked using RT-PCR. CYP26A1 was expressed at all stages tested in both sexes (Figure 9 ), whereas CYP26C1 expression was much less consistent ( Figure 9 ). Together, qPCR and RT-PCR results suggest that in the day 110 tammar testes there is very little CYP26 expression, and that by day 350 pp CYP26B1 is the major CYP expressed.
Two different anti-CYP26B1 antibodies were tested on tammar tissue with ambiguous results. One antibody from Abcam (ab53555) raised against an epitope sharing 100% sequence identity to tammar CYP26B1 yielded several bands ranging from ∼30 to 160 kDa in size by western blot (data not shown), in addition to a product of the expected size (∼58 kDa). The other antibody, slightly less well conserved, yielded multiple bands of equal intensity. For both antibodies, immunohistochemistry results varied widely within a single tissue (even in mouse tissue), depending on which pretreatment was applied (data not shown). In day 2 pp mouse testis, for example, using the same antibody to stain adjacent sections from the same . CYP26B1 mRNA expression (relative to 18s mRNA) in developing tammar ovaries (A) and testes (B). CYP26B1 expression was similar between days 10 and 50 pp but in adult ovaries was significantly lower. In testes, CYP26B1 expression peaked at day 350 pp. Letters above bars denote significant differences. Error bars represent standard error of the mean. n = 5-6 gonads for each stage except D10 ovaries, where n = 4.
tissue yielded positive staining either in Sertoli and germ cells, in Leydig cells only, in Leydig and Sertoli cells, or in virtually all cell types within the testis (including germ cells). Thus, no immunohistochemical data for CYP26B1 has been presented here (in situ data presented in Figure 8 ).
Exogenous retinoic acid increases STRA8, DDX4, and REC8 expression in tammar ovaries
To examine whether RA has a conserved role in germ cell development in marsupials, we performed a functional assay by culturing PY gonads in the presence or absence of RA in vitro. Exogenous RA increased STRA8 expression in cultured PY ovaries over threefold compared to controls (P = 0.003, Figure 10A ) but had no significant effect on STRA8 expression in cultured PY testes ( Figure 10B ). Ovarian DDX4 and REC8 expression was also significantly (P = 0.016 and P = 0.021, respectively) increased compared to controls after exposure to exogenous RA ( Figure 10C and E) . DDX4 expression in testes was not significantly different between controls and RA-treated cultures ( Figure 10D ), and testicular REC8 expression was not examined. Gonad morphology after 120 h in vitro was normal for both RA-treated and control gonads (Supplementary Figure  S2) .
Discussion
The temporal expression of tammar ovarian STRA8 was similar (relative to germ cell developmental events) to that in the mouse and human, but its expression was much longer in duration than that of the mouse and occurs postnatally. Culture of day 22 pp tammar ovaries with 100 nM RA increased STRA8 expression compared to controls, demonstrating that the role of RA in inducing STRA8 expression is conserved in marsupials too. Furthermore, the degree to which STRA8 expression was increased compared to controls (3.4-fold) is very similar to that observed when murine 12.5 dpc ovaries were cultured in 1 μM RA [1] and also when isolated germ cells obtained from day 12.5 dpc fetal mouse ovaries were exposed to 100 nM RA [33] . The 3.4-fold increase in STRA8 expression in cultured tammar ovaries is approximately the same as the increase (∼4-fold) that occurs in tammar ovaries in situ from days 20 to 25 pp. STRA8 expression in the cultured tammar gonads was intended to be normalized against DDX4, but ovarian DDX4 expression was also increased by exposure to RA. This upregulation of DDX4 expression suggests that RA may have accelerated the process of oogenesis. In support of this, upregulation of REC8 strongly implies that RA-treated ovarian germ cells initiated meiosis prematurely compared to controls. The failure of germ cells within cultured tammar testes to upregulate STRA8 or DDX4 expression would most likely reflect the extreme (approximately 18-24 months) difference between the age of the testes used in the cultures and the time that meiosis normally occurs in vivo. The histology of cultured gonads was normal, indicating that this concentration of RA was not toxic to germ cells, a criticism of some other studies that used higher (1 μM) concentrations of RA [34] . The concentration of RA used in this study was based on physiological RA concentrations within mouse embryos, which range from 10 to 100 nM [35] ; the higher dose of 100 nM was chosen because our cultures were of whole ovaries, rather than isolated germ cells due to the limited material available.
In the tammar, neither testicular nor ovarian CYP26B1 expression decreased just before the onset of meiosis suggesting that CYP26B1 is unlikely to be the major meiosis-inhibiting factor (MIF) in the tammar. Similarly, in human fetuses expression of CYP26B1 is not downregulated in ovaries before the onset of meiosis [17, 18, 36] and culture of pre-meiotic ovaries in the presence of a CYP26B1 inhibitor had no effect on the percentage of meiotic germ cells [18] or on STRA8 expression [36] . In contrast, culture of human fetal ovaries in the presence of inhibitors to both CYP26B1 and FGF9 simultaneously does result in an increase in STRA8 expression [36] . Each of these observations implies that CYP26B1 may not be the major ovarian MIF in human. There are also indications that CYP26B1 is not the only suppressor of meiosis in the mouse. When E11.5 ovaries were cultured in the presence of E13.5 testes, very few ovarian germ cells initiated meiosis, even when exogenous RA or ketoconazole was added. Furthermore, in Cyp26b1 -/-null mice, most testicular germ cells start to undergo apoptosis from E13.5 [37] but surviving germ cells at E15.5 express the meiotic markers Scp3, Dmc1, and Spo11 but at significantly lower levels than in E15.5 Cyp26b1 -/-ovaries [13] . This implies that the murine testis contains a second MIF, and a strong candidate for this is FGF9 [13] . FGF9 may also be an MIF in humans; human ovaries cultured with inhibitors to both CYP26B1 and the FGF receptor have increased STRA8 expression, which is not seen in the presence of either inhibitor alone [36] . However, the expression of FGF9 protein within tammar gonads does not support the suggestion that it could act as an MIF. FGF9 is not present within day 9 or 14 pp ovaries [38] , yet it is expressed within the majority of oocytes within day 32 to 34 pp ovaries and also in day 50 ovaries (D. Hickford, unpub. obs., and Supplementary Figure S3) , when many germ cells are entering meiosis. Within testes, there is very little FGF9 protein at day 145 pp and almost none at day 205 pp (D. Hickford, unpub. obs., and Figure S3 ), yet meiosis in males is not initiated until after 18 months. Male rodents deficient in vitamin A, a RA precursor, are sterile and their germ cells do not initiate meiosis [39] . Apart from inducing meiosis, RA induces the transition of prospermatogonia to spermatogonia in neonatal male mice [40] and controls spermatogonial differentiation [41, 42] . Thus, the apparent lack of ability of day 350 pp tammar testis to respond to RA signaling due to a lack of RXR expression is quite surprising. There is also a similar apparent lack of RXR expression at a time when RA signaling would be expected in the mouse, since no RXR proteins were detected in E13.5 ovaries [43] although this may be due to the particular antibody (a pan-RXR antibody) used [17] . However, the pan-RXR antibody used in this current study did detect nuclear-localized RXR at other stages of gonadal development in the tammar, and RT-PCR data for each of the three RXR genes at day 350 support the immunohistochemical data. Another unexpected observation in this current study was the high expression of both STRA8 and CYP26B1 in day 350 DDX4 mRNA expression relative to18s Figure 10 . STRA8, DDX4, and REC8 mRNA expression (relative to 18s) in tammar ovaries and testes cultured with and without exogenous RA. Ovaries from day 22 pp pouch young (n = 6) and testes from day 23-29 pp pouch young (n = 5) were cultured in the presence or absence of 100 nM RA for 5 days. Exogenous RA significantly increased STRA8, DDX4, and REC8 expression in cultured ovaries compared to controls but there was no change in cultured testes (testicular REC8 expression was not examined). RA: retinoic acid. Error bars represent standard error. * , P < 0.05; * * , P < 0.01.
pp testes. This combined with apparent low RA signaling raises the intriguing possibility that at least at this stage, STRA8 expression is induced by a non-RA-related factor. The murine Stra8 promoter can be directly bound by several non-RA-related factors, including Doublesex and mab-3-related transcription factor 1 (DMRT1) [44] and the muscle segment homeobox-like (MSX) genes Msx1 and Msx2 [18] , all of which act to increase ovarian Stra8 expression. As in the mouse, Sertoli cells also appear to act as a source of MIF in the tammar. Male (XY) tammar PY born precociously on day 25 of gestation undergo gonadal and germ cell sex reversal after oral treatment with estradiol for 25 days [45] . At day 50 pp, their gonads look morphologically identical to control day 50 ovaries and approximately 20% of their XY germ cells have entered meiosis [45] . It is likely then that the initiation of meiosis in these sex-reversed gonads is due to upregulation of key ovarian pathway genes because sex reversal in vitro is accompanied by a significant downregulation of Sex-determining region on the Y (SRY) and anti-Mullerian hormone (AMH) and an upregulation of FOXL2 and Wingless-type MMTV integration site family, member 4 (WNT4) [46] . In the mouse, it is possible that signals involved in gonadal somatic differentiation may also be involved in the control of meiosis. In support of this suggestion, murine Cyp26b1 is downregulated by FOXL2 [16] . Of note, in the fetal mouse, meiosis is induced before overt histological somatic sexual differentiation and thus shows developmental heterochrony relative to chicken, human, and tammar, in which meiosis is initiated after ovarian somatic differentiation. The fact that in mouse, human, and chicken, meiosis occurs before birth or laying respectively, but in the tammar it occurs after birth, is inconsequential, and merely reflects a difference in overall developmental maturity relative to the time of birth.
In conclusion, both the expression of STRA8 (relative to stages of germ cell development) and the ability of RA to induce or upregulate its expression are conserved between the tammar, mouse, human, and chicken, although the current study suggests that STRA8 expression may also be regulated by an additional, non-RA-related signal. The gonads of all four species can synthesize their own RA. ALDH1A1 and ALDH1A2 are the principal retinal-converting enzymes in the mouse and chicken, respectively, whereas the main enzymes acting in the tammar and human are not currently known. In contrast to the mouse and probably the chicken, there is no direct evidence that CYP26B1 is the main MIF in human or tammar [17, 36 and this study]. It is possible that in marsupials, a competence factor that enables germ cells to initiate meiosis (similar to Dazl in the mouse), rather than a MIF, is the key factor that controls when germ cells enter meiosis. A recent paper [36] concluded that "the divergent development of the mouse and the human female germ lines suggests the existence in the fetal human gonads of additional signalling pathways and meiotic regulators, yet to be identified." Our results in the tammar support the suggestion that there may be other factors controlling meiosis in mammals.
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